ABSTRACT Satellite cells (SCs) reside between the sarcolemma and basal lamina of muscle fibers and are the primary contributor of DNA for post-hatch muscle growth and repair. Alterations in SC content or properties by intrinsic and extrinsic factors can have detrimental effects on muscle health and function, and ultimately meat quality. We hypothesized that disrupted SC homeostasis may account in part for the increased breast myopathies observed in growing broilers. To test this hypothesis, we selected broilers with different body weights at comparable ages and studied SC characteristics in vitro and in vivo. Data shows that SC numbers in the breast muscles decrease (P < 0.001) and their inherent abilities to proliferate and differentiate diminish (P < 0.001) with age and size. Further, when breast muscle is presented with an insult, muscle of larger broilers regenerates more slowly than their smaller, age-matched counterparts arguing that SC quality changes with size and age. Together, our studies show that birds with greater muscle hypertrophy have less SCs with diminished ability to function, and suggest that aggressive selection for breast growth in broilers may exhaust SC pools when birds are grown to heavier processing weights. These findings provide new insights into a possible mechanism leading to breast myopathies in the poultry industry and provide targets for mitigating adverse fresh breast quality.
INTRODUCTION
Post-hatch, skeletal muscle growth is driven predominantly by muscle fiber hypertrophy or the increase in myocyte size (Smith, 1963; Rehfeldt et al., 2004; White et al., 2010) . Parallel with these increases in cellular volume, nuclei content increases dramatically, most likely to support the increasing demands placed on the protein synthetic machinery of larger fibers (White et al., 2010; Yin et al., 2013) . Fusion of satellite cells (SCs) with adjacent muscle fibers is considered the major source of increased genetic material in postnatal muscle (Moss and Leblond, 1971) . Satellite cells are mononucleated, myogenic precursor cells positioned between the sarcolemma and basal lamina (Mauro, 1961) . These specialized, stem-like cells serve two functions in skeletal muscle tissue. First, SCs can proliferate and ultimately fuse with existing fibers to increase the DNA content and provide additional template for supporting hypertrophy (Moss and Leblond, 1971; Rehfeldt et al., C 2017 Poultry Science Association Inc. Received September 7, 2016 . Accepted February 15, 2017 These authors contribute equally to the work. 2 Corresponding author: dgerrard@vt.edu 2011). Second, SCs function to repair muscle tissue after injury, a process called regenerative myogenesis. At the onset of damage, SCs activate in response to the insult, proliferate and differentiate into multinucleated, nascent fibers (Yin et al., 2013 ). Yet some SCs remain undifferentiated, exit the cell cycle and continue in a quiescent state, and serve as muscle precursor cells for future tissue growth and repair, a process called selfrenewal.
A number of myopathies have been emerging in the poultry industry over the past several decades, such as deep pectoral disease, or more recently, white stripping and wooden breast. From a product quality standpoint, these myopathies result in breast meat with lower protein levels, greater fat content, increased connective tissue, and an overall reduced consumer acceptability (Kijowski et al., 2014; Mudalal et al., 2014; Petracci et al., 2014; Velleman and Clark, 2015) . Although the exact mechanism responsible for these defects is not known, it is mostly likely a result of the aggressive nature of protein accretion found in modern poultry breeds. We believe this is somehow related to an inability of the skeletal muscle, specifically breast muscle, to regenerate. Indeed, increased pressures on growth rate could alter SCs by placing greater mitotic demands on 3457 these stem-like, muscle progenitor cells over a shorter period of time. Further, larger fibers that form the basis for postnatal muscle growth are likely more prone to damage due to the physical constrains associated with, or as a result of, extreme hypertrophy, further compounding the needs of SCs and their replicative competence. Blood supply changes may occur with tissue hypertrophy, likewise impacting muscle stem cell activity and muscle repair (Christov et al., 2007; Velleman, 2015) . Understanding the contribution of SCs to breast muscle growth and repair may help identify the root cause of breast myopathies and help provide future targets for improving poultry fresh meat quality. Herein, we used small and large broilers of comparable age to study how SCs change with age and hypertrophy. Our findings support the thesis that SCs experience growthrelated reductions in number and myogenic properties, which may cumulatively contribute to the pathology of the glycolytic, type II breast muscle fibers of broilers during extended growth to heavier weights.
MATERIALS AND METHODS

Broiler Selection
We selected approximately 60 small-and 60 largesized broilers from a cohort of 1,000 Cobb 500 broilers (Cobb-Vantress, Inc. Wadesboro, NC) at 3 wk posthatch. On all sampling days, the six largest broilers and the six smallest broilers were selected from their respective groups. All broilers were euthanized with carbon dioxide followed by cervical dislocation for confirmation of euthanasia. All the experimental procedures were approved by the Virginia Tech Institutional Animal Care and Use Committee.
Tissue Sampling
Broilers were euthanized at 5 or 8 wk of age and classified based on size. Sections of the pectoralis major (PM) muscle were collected, mounted on cork, and snap-frozen in isopentane cooled in liquid nitrogen. Muscles were then transferred to an −80
• C freezer and stored until analysis.
SC Isolation and Culture
Pectoralis major muscles from six small and six large birds at 5 wk or 8 wk of age were digested in DMEM (Gibco's Dulbecco's Modified Eagle Medium, ThermoFisher Scientific, Waltham, Massachusetts; high glucose, L-glutamine with 110 mg/mL sodium pyruvate) containing 0.8 mg/mL Pronase and 1% penicillin/streptomycin for 1 h at 37
• C under constant agitation. After digestion, muscles were centrifuged at 300 × g for 6 min to pellet the muscle. After a brief wash with phosphate buffered saline (PBS), muscles were then subjected to trituration for at least 15 times followed by another centrifugation. Supernatants were then filtered through a 40 μm cell strainer. The flow through was then centrifuged at 800 × g for 10 min to pellet the cells. Supernatants were discarded and pelleted cells were re-suspended in 5 mL of growth medium (high-glucose DMEM containing 10% chicken serum, 5% horse serum, 1% antibiotic, and 0.1% gentamycin). Cell number was determined by using a hemocytometer. Satellite cells from each broiler were seeded individually on collagen-coated 12-well plates at 0.2 × 10 6 cells/well for the proliferation studies. Cells were fixed in ice-cold 100% methanol and stained as described below.
To assess differentiation, an equal number of cells were seeded on collagen-coated 12-well plates at 0.4 × 10 6 cells/well in growth medium. To differentiate these cells, growth medium was replaced with differentiation medium (high-glucose DMEM containing 3% horse serum, 1% antibiotic, and 0.1% gentamycin) for 1 d or 3 d. At indicated times, culture media were removed, cells were washed with ice-cold PBS twice, and fixed in ice-cold 100% methanol for 5 min. After a brief wash with PBS, cells were subjected to immunocytochemistry. Briefly, cells were incubated in blocking solution (PBS containing 5% goat serum), then incubated overnight at 4
• C with a myosin primary antibody (clone MF-20, DSHB, Iowa City, IA) diluted 1:200 in blocking solution. The following day, cells were washed twice in PBS and incubated with a secondary antibody (Alexa Fluor 555 goat anti-mouse IgG, Life Technologies, Eugene, OR) diluted 1:500 in blocking solution for 1 h. Nuclei were counter stained with 4 ,6-Diamidino-2-Phenylindole (DAPI) diluted 1:500 in blocking solution. Cells were washed three times with PBS and mounted using florescent mounting medium. Images were taken using a Nikon ECLIPSE 80i fluorescent microscope (Nikon Instruments Inc., Melville, NY).
BrdU Incorporation and Detection
For in vitro cell proliferation studies, SCs were isolated as described above and cultured in growth medium and pulsed with bromodeoxyuridine (BrdU) for 1 h at 37 C at a final concentration of 10 μM. Cells were then washed with PBS, fixed with 70% ethanol, and denatured with 1.5 M hydrochloric acid to expose the incorporated BrdU on the DNA strand. BrdU was detected by immunocytochemical staining using a BrdU primary antibody (G3G4, DSHB, Iowa City, IA), followed by incubation with a secondary antibody (Alexa Fluor 555 goat anti-mouse IgG, Life Technologies, Eugene, OR). Again, nuclei were stained with DAPI. Percentage BrdU positive-nuclei was calculated by dividing the number of BrdU positive-nuclei by the total number of nuclei and used as an indicator for cell proliferation rate.
Histology
Ten micron cryosections were cut using a microtome and placed on saline-coated microscope slides. Muscle sections were stained with hematoxylin (Sigma-Aldrich, St. Louis, MO) for 6 min, then rinsed with running deionized water. Slides were then submerged in Eosin for 2 s and rinsed with deionized water. Slides were then rinsed in 50% and 70% ethanol ten times, then in 95% ethanol for 30 s, then in 100% ethanol for 60 s. Slides were then rinsed in xylene 7 times, dried with a Kimwipe (Fisher Scientific, Hudson, NH) and mounted. Images were analyzed using ImageJ software (NIH).
To determine cross-sectional area, a micrometer was used as reference to determine the pixel-to-μm 2 conversion ratio. To determine myonuclear domain, the crosssectional area was divided by the number of nuclei per fiber.
Immunocytochemistry
Cultured broiler SCs were washed with PBS twice, fixed in 4% paraformaldehyde for 10 min, and permeabilized with 0.2% Triton X-100 (Sigma Aldrich, St. Louis, MO) for 15 min at room temperature. After two 5 min PBS washings, sections were incubated in blocking buffer (5% goat serum in PBS) followed by an overnight incubation with Pax7 (1:100 dilution, DSHB, Iowa City, IA) and Myf5 (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) primary antibodies both diluted in blocking solution. The following day, sections were incubated with secondary antibodies (Alexa Fluor 555 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit IgG) and counterstained with DAPI both diluted 1:500 in blocking solution.
Muscle Injury
Pectoralis major muscles of six large and six small broilers at 5 wk and 8 wk of age were subjected to an injury protocol by injecting a tissue damaging solution of 1 mL of sterile saline solution with 2% barium chloride and 1% India ink into the right PM and a control solution of 1 mL saline solution with 1% India ink into the left PM. Three days later, damaged and control muscles were harvested using ink as an indicator of injection spot, frozen, cryosectioned, and stained with hematoxylin and eosin.
Statistical Analysis
Data analysis was conducted using Excel Student t test. Data are presented as mean ± SEM. The significance levels were set as * P < 0.05, * * P < 0.01, * * * P < 0.0001.
RESULTS
To study the effect of growth rate on SC quantity and function, we selected small and large birds at three wk of age based on their body size from a cohort of 1,000 Cobb broilers. At five wk of age, the body weight of large birds was greater (P < 0.001) than their smaller counterparts ( Figure 1A) . This difference remained through eight wk of age when the small birds weighed approximately 3.2 kg and large birds weighed 5.0 kg ( Figure 1B) . Consistent with the heavier body weight, the cross-sectional area of PM muscle fibers from large birds at 8 wk was greater (P < 0.001) than that of the small birds ( Figure 1C ). The distribution of muscle fiber sizes was shifted to the right showing breast muscles of larger birds contain larger cells ( Figure 1D ). These data show that heavier birds have larger muscle fibers.
To test whether any inherent morphological disparities exist with bird size, we chose small and large cohorts at 8 wk of age and compared muscle morphology. Gross morphology of PM muscles from small birds appeared normal, whereas those from large birds demonstrated observable epimysial white-stripping, especially at the cranial end (Figure 2A) , albeit there were some heterogeneities. As quantified, muscle fibers appeared larger in breasts of 8-wk-old chickens compared to their 5-wk-old counterparts ( Figure 2B and Figure 1C ). Curiously, at 8 wk, the morphology of the PM muscle, especially at the cranial end, was aberrant in large birds ( Figure 2B ). Fiber necrosis was widespread, accompanied by infiltration of cell types reminiscent of immune cells such as macrophages and neutrophils. Newly formed fibers, as identified by having centrally located nuclei, were readily evident scattered among adult muscle fibers ( Figure 2B ). Disrupted muscle structure was absent in PM muscles of small broilers of the same age. These findings show muscle of larger birds, especially those at 8 wk of age, experience greater damage than those from smaller counterparts.
Because muscle SCs play an essential role in chicken muscle growth post-hatch and are the driving force behind muscle repair after an injury, we assessed SC content in muscles of 8-wk-old chickens. We used Pax7 as a marker of muscle SCs. When the number of Pax7 positive cells were enumerated, fibers from large birds contained (P < 0.001) only one-third the number of SCs compared to small birds ( Figure 3A) . Given muscle fiber number is set at hatch and ensuing nuclei are derived from existing SC pools, we quantified total nuclei per muscle fiber. Muscle fibers from large birds contain more (P < 0.001) nuclei per fiber than from small birds ( Figure 3B ). Histograms of nuclei per fiber demonstrated that fibers from large birds contain as many as 10 to 19 nuclei per fiber, whereas muscle fibers in small birds contain fewer nuclei per fiber ( Figure 3C ). Because myonuclear domain, defined by the ratio of muscle fiber cross-sectional area to nuclear number, is a reflection of the functionality of each nucleus, we used this parameter as an indicator of nuclear overload. Fibers from larger birds had greater (P < 0.05) myonuclear domain ( Figure 3D ) compared to the small birds. Together, these data indicate that the larger muscle fibers in large birds contain more myonuclei, possess less satellite cells, and exhibit greater myonuclear domain.
To investigate whether the reduction of SC pool is coupled with SC proliferative capacity, we isolated and cultured SCs. We confirmed the identity of SCs by staining with Myf5 and Pax7 antibodies. After 3 days in growth medium, over 95% of isolated cells expressed Myf5, whereas the majority of SCs lost Pax7 expression ( Figure 4A ). To evaluate SC proliferative capacity in vitro, we pulsed SCs with the thymidine analog BrdU, and assayed its incorporation rate. SCs isolated from 5-wk-old large birds had reduced (P < 0.01) BrdU incorporation rate compared to those from small birds ( Figure 4B and C) . Similar results were observed for SCs derived from 8-wk-old birds ( Figure 4D) . Results indicate that the proliferative capacity of SCs declines with age and hypertrophy.
One of the hallmarks of SCs is that they differentiate into multinucleated muscle fibers to repair damaged muscle. To address whether SCs lose their capacity to differentiate, and hence are unable to repair damaged muscle ( Figure 2B ), we isolated and seeded equal numbers of SCs on plates and allowed them to differentiate in low-serum medium. SCs isolated from small and large 5-wk-old broilers exhibited no significant differences in their ability to differentiate or fuse ( Figure 5A ). However, SC cultures derived from the breast of 8-wk-old birds demonstrated considerable differences. First, muscle SC cultures from 8-wk-old birds failed to differentiate at levels comparable to those of 5-wk-old birds 1 d after growth medium was switched to differentiation medium ( Figure 5A and B) . Second, when day 1 and day 3 differentiation was compared, we found SCs from small birds still formed multinucleated myotubes by day 3, whereas SCs from large birds had virtually lost their ability to fuse ( Figure 5B ). Together, these findings suggest that SCs lose their capacity to differentiate with degree of hypertrophy and age.
To test further SC function in vivo, we subjected the PM muscle to an insult consisting of 2% barium chloride (BaCl 2 ). Barium chloride induces profound muscle damage and causes extensive regenerative myogenesis few days after the insult (Tierney and Sacco, 2016) . Damaged PM muscle in 5-wk-old small birds began to resemble muscle within 3 d post injection, as demonstrated by the formation of bundles of nascent fibers with non-peripherally located nuclei (Figure 6 , upper left image). In contrast, the regenerative process was greatly impaired or delayed in PM muscle from large birds (Figure 6, upper right image) , an observation consistent with the in vitro SC proliferation assays mentioned previously. In 8-wk-old small birds, muscle retained the ability to regenerate similar to that of large 5-wk-old birds ( Figure 6) ; however, larger birds at 8-wk-old almost completely lost the capacity to regenerate ( Figure 6 , lower right image). These in vivo data are consistent with in vitro findings and support the notion that lack of SC number and function are major contributors to the pathogenesis of myopathy in broilers with heavy body weight.
DISCUSSION
Increased demands for poultry have led to astronomical gains in broiler growth efficiency and protein deposition. While improvements in health, nutrition, and other management-based initiatives have contributed to these advances, genetic selection and its resulting progress have transformed the poultry industry into one of the most efficient producers of protein for human consumption. In response to such selection pressure, however, modern broiler genetics have pushed the biological envelope and have acquired a greater incidence in tissue myopathies, which impact meat quality and cause significant losses to the poultry industry (Dransfield and Sosnicki, 1999) . For example, white stripping in breast muscle, characterized by white striations running parallel to muscle fibers (Kuttappan et al., 2013) , greatly reduces meat water-holding capacity (Petracci et al., 2013) . Further, a more severe myopathy called "wooden breast" is characterized by "wooden" or hardening of the breast tissue (Sihvo et al., 2014) . Although these myopathies have received much attention, and heat stress, nutritional factors and hypoxia have all been implicated as contributing factors (Sihvo et al., 2014) , the causal factor remains to be identified.
Herein we propose that SCs, the major contributor to post-hatch muscle growth and repair, are responsible, at least in part, for the myopathy observed in poultry breast tissue. There are several lines of evidence to support this notion. First, we show that muscle SCs decrease in number with age and hypertrophy. Second, our in vitro data indicates that SCs lose their abilities to proliferate and differentiate with age and hypertrophy although the onset of breast myopathy is not defined. Third, when muscle is chemically injured in vivo, muscle regeneration is impaired in larger birds. Since SCs are the major driving factor for muscle regeneration, this finding is consistent with the compromised intrinsic properties of SCs as observed in vitro. Finally, data from human Duchenne muscular dystrophy studies support the notion that the exhaustion of SCs caused by futile SC divisions leads to fat deposition, fibrosis, impaired muscle regeneration, and ultimately, failure of patients to breathe (Sacco et al., 2010; Shi et al., 2010; Shi et al., 2013) . Taken together, the age/hypertrophy-dependent deterioration of SCs may serve as the underpinning factor, directly or indirectly, responsible for the pathogenesis of myopathy in poultry.
Although we have shown that SCs lose their quantitative and qualitative characteristics with age and hypertrophy, the cellular and molecular mechanisms remain obscure. In poultry, SCs originate from the presomitic mesoderm in early development (Armand et al., 1983; Christ and Brand-Saberi, 2002) . While populations of embryonic myoblasts and fetal myoblasts indeed peak embryonic day 5 and 8, respectively, satellite cells emerge later in development (Hartley et al., 1992; Stockdale, 1992) , and remain static post-hatch until day 3, then decline with tissue hypertrophy and time (Yablonka-Reuveni et al., 1987; Hartley et al., 1992; Feldman et al., 1993) . Similar dynamic changes have also been observed in other species. For example, in rodents the nuclear number per muscle fiber increases from 50 at post-natal day (P)3 to reach a plateau of 240 at P21; whereas SCs per fiber decrease from 14 at P3 to 5 at P21 (White et al., 2010) . From these data we see that SCs have to undergo a rapid division during this fast-growing phase of development. Yet, rapid cell division may come at a price. Designed with a finite number of divisions to satisfy the nuclear requirements of the post-hatch muscle growth and meet the challenge of repairing muscle tissue under an insult, SCs may lose their ability to function with age, or in this case hypertrophy. Mechanistically, it has been well established that telomeres of chicken somatic cells shorten in a division-dependent manner and this is related to the aging process (Taylor and Delany, 2000; Delany and Daniels, 2003) . Therefore, we speculate that SCs experience a similar age-or replication-related telomeric shortening when they are actively dividing to meet the demands of muscle growth and repair. As such, further analysis of telomere length and telomerase activity in SCs at different growth periods will provide new insight into this proposition.
Another interesting observation in 8-wk-old large birds is that the nuclear domain of muscle fiber is greater compared to that of small birds. There are two intertwined events accompanying muscle fiber hypertrophy postnatally, addition of nuclei to the existing fiber and the enlargement of the myonuclear domain (White et al., 2010) . Even after the myonuclear number stabilizes, myonuclear domain still increases with hypertrophy until it reaches an equilibrium (White et al., 2010) . For an adult animal, one would speculate that the normal damage to nuclei can be replaced by SCs through their self-renewal and that myonuclear domain therefore should remain constant. Our data suggest that myonuclear domain enlargement may have a limit beyond which fibers demand more nuclei, most likely from SCs. Admittedly, such a hypothesis needs to be further supported by evidence, nonetheless, it may help explain the myopathy of muscle fibers when it is coupled with the exhaustion of SC pool.
In summary, our study reveals that SC number and their functional capacity decrease with time and hypertrophy, arguing that SCs have a finite number of divisions. Though such alterations are normal with aging, augmented muscle growth may hasten the "aging" of SCs in vivo. Nonetheless, this conclusion does not exclude that other factors such as nutrition, stress, and hypoxia may contribute to muscle damage and regeneration. These, and as yet unidentified niche factors may adversely impact SC reserves both quantitatively and qualitatively, which in turn could exacerbate myopathy in muscle tissues. Further studies are needed to investigate the interaction between SCs and their microenvironment, and how their interplays contribute to the myopathy in broilers.
